Murine oligodendrocyte generation dynamics are considered distinct from those in the 33 human, with implications for cross-species differences in neural homeostasis, injury response and 34 ability to functionally adapt circuits through myelin plasticity. We identify that murine 35 oligodendrocyte precursors do not vary their cell division times in vivo and determine how daily 36 production rates change over a lifespan. augmented by neural activity in a form of plasticity known as adaptive myelination 1 . It has been 47 calculated that homeostatic production rates in adult murine white matter are up to 100-fold greater 48 than their human counterparts 2 . Such differences in baseline dynamics may have functional 49 implications in terms of the supply of new oligodendroglia able to partake in myelin plasticity and 50 raises questions as to whether this form of neural adaptation may have a different degree of 51 functional relevance across these species. 52
Murine oligodendrocyte generation dynamics are considered distinct from those in the 33 human, with implications for cross-species differences in neural homeostasis, injury response and 34 ability to functionally adapt circuits through myelin plasticity. We identify that murine 35 oligodendrocyte precursors do not vary their cell division times in vivo and determine how daily 36 production rates change over a lifespan. We show that murine oligodendrogenesis closely resembles 37 what is reported for the human. 8 ). Combining the stereological counts with our cell cycle data, it was possible to identify how 85 daily OPC production rates change with age. Per unit of volume, callosal and cortical OPC production 86 rates decline sharply during early postnatal development ( Figure 1D and Supplementary Figure 9A ). 87 Regional distinctions in how OPC density ( Figure 1E and Supplementary Figure 10F ) and population 88 GF ( Figure 1C ) change underpin the striking differences in the production rates between the two CNS 89 regions ( Figure 1D ). We next plotted OPC production against density and this revealed a striking 90 relationship -the number of new OPCs produced for a given density was consistent regardless of age 91 or CNS location during normal development ( Figure 1F and Supplementary Figure 9B) . We find that 92
OPCs maintain an elevated GF when at a higher volumetric density under normal homeostatic 93 conditions (Supplementary Figure 9C) . These findings have been validated using data independently 94 collected by Hughes et al 13 (data plotted onto Supplementary Figure 9B and C). 95 In the human corpus callosum the density of proliferating OPCs rapidly declines in early 96 development and 80% of the total number of mature adult oligodendrocytes are generated by 5-10 97 years of life 2 . Consistent with these findings, we found that 73% of the total number of mature 98 callosal oligodendroglia at postnatal day 365 (P365) have been generated by P90 (Figure 2A ). If we 99 consider relative differences in lifespan (~90 years for a human 2 and ~900 days for a laboratory 100 mouse 14, 15 ) and the very low rates of adult callosal OPC production ( Figure 1D ), the majority of 101 callosal oligodendrogenesis is complete within the first 10% of the lifespan in both species. We also 102
show that the total number of mature oligodendroglia increased until P365 ( We next plotted the total number of mature callosal oligodendrocytes against myelin, 119 assessed by spectral confocal reflectance microscopy (SCoRe), and found a strong positive linear 120 relationship between the area positive for SCoRe and the number of mature oligodendrocytes in the 121 corpus callosum ( Figure 2E and Supplementary Figure 11) . To validate this, we plotted the total 122 number of mature oligodendrocytes against an independent report assessing the proportion of 123 myelinated axons in the corpus callosum assessed by Transmission Electron Microscopy 16 , and again 124 found a strong positive linear relationship ( Figure 2F ). Our data does not exclude the possibility that 125 existing cells may re-model the complement of myelin they produce, however it argues that 126 increasing the total axonal area covered by myelin depends on the addition of new myelinating 127 oligodendroglia. This finding is consistent with recent reports detailing how myelination occurs in the 128 adult murine cortex 14, 15 . 129
After 5-10 years of age in the human, the number of newly generated oligodendroglia that 130 become integrated into the corpus callosum each year accounts for 0.33% of the total mature 131 oligodendroglia in the tissue 2 . After P90 in the murine corpus callosum, newly generated mature 132 oligodendroglia expands the existing number of these cells by a rate of 0.44% every 10 days (see 133 methods for calculation). Accounting for the relative differences in lifespan between these species, 134 these rates are not strikingly distinct. However, it is important to point out that in our case the 0.44% 135 rate represents only the addition of new mature oligodendroglia and does not include any cellular 136 replacement or turnover. We cannot exclude the possibility that existing mature callosal 137 oligodendroglia may die and subsequently be replaced while their total number expands. However, 138 our data finds that callosal OPC production rates are extremely low beyond P90 ( Figure 1D ). This, 139 along with compelling evidence that mature murine oligodendrocytes are remarkably stable 14, 15, 17 , 140 makes it difficult for us to envisage a situation where a high rate of cellular turnover occurs as part 141 of normal homeostasis in the murine corpus callosum. 142
We know that programmed cell death eliminates a proportion of the nascent pre-myelinating 143 oligodendroglia and represents a mechanism that can limit the rate of cellular integration 18 . Using 144 the daily OPC production rates and stereological counts, we were able to extrapolate total cumulative 145 production and compare this against the actual change in total oligodendroglial number in corpus 146 callosum ( Figure 3A ) and cortex ( Figure 3B ). In both regions, cumulative daily OPC production 147 exceeded the increase in absolute number of all oligodendroglia as determined by stereology 148 (Figures 3A & B) . The only way we could account for the excess OPC production was to assign this as 149 cell death (see methods). To validate these data, we quantified developmental changes in pyknotic 150 nuclei ( Figure 3C and Supplementary Figure 12) . Combining the pyknotic nuclei counts and data on 151 the average clearance times for dead cells in the developing CNS 19 , it was possible to estimate total 152 daily death at different times in the tissue ( Figure 3D ). We found that at all ages our values for excess 153 production (cell death) were within the estimates for total cell death ( Figure 3D ). In addition to this, 154 sensitivity analysis was performed using a fixed OPC Tc value of 35 hours, this generated a cumulative 155 production curve nearly identical to what we observed when using the measured Tc values 156 (Supplementary Figure 13) . However, a systematic over/underestimation of OPC Tc by ± just one 157 standard deviation had a profound influence total cumulative production (Supplementary Figure 13) .
158
There is strong evidence that changes in neural activity can augment the homeostatic rates 159 of OPC production and new oligodendrocyte integration in vivo 1, 20 . Furthermore, blocking the rapid 160 integration of new oligodendroglia abrogates particular behavioural adaptions that normally occur 161 in response to altered experience 21 . Our data demonstrate that the volumetric density of OPCs and 162 their production rates decline in a regionally-specific manner with age ( Figure 1D and E). These 163 spatiotemporal changes will influence the probability that an OPC, or newly generated 164 oligodendrocyte, will be in close proximity to an axon whose activity has been altered. In early 165 postnatal life, the density of OPCs and their production rates are dramatically distinct when 166 comparing between the corpus callosum and cortex, however these regional differences become 167 much less pronounced with age ( Figure 1D and E). These findings may help to explain why the same 168 level of increased neural activity elicits profound regional distinctions in OPC behaviour in young 169 mice, but a diminished and more uniform response across the same CNS regions in older animals 1 . 170 Collectively our data provides new fundamental insights on how OPCs function to regulate 171 cell production in vivo. We demonstrate that like other self-renewing cell populations within the CNS, 172 oligodendrocyte generation dynamics are largely conserved between the mouse and human .  173  174  175  176  177  178  179  180  181  182  183  184  185  186  187  188  189  190  191  192  193  194  195  196  197  198  199  200  201  202  203  204  205 a) The total number of mature oligodendroglia and OPCs in the corpus callosum over the lifespan. 241
By P90, 73% of the total number of mature oligodendroglia observed at P365 have been generated. 242
There is no significant change in total OPC number from P5 to P60. Beyond P60, the total pool of 243 OPCs is depleted gradually over the course of development (for additional statistics see 244 Supplementary Figure 7) . b) The volume of corpus callosum, bound by the cingulate bundles 245 laterally, the genu rostrally and selenium caudally, increases with age (also see supplementary Figure  246 3 
273
Figure 3: OPCs generate oligodendroglia in excess thought development. 274 a) Cumulative daily production by OPCs in the corpus callosum (teal circles ± SD) exceeds the change 275 in total oligodendrocyte number as determined by stereology (bold teal circles ± SD). The difference 276 between production and the increase in total oligodendroglial number represents cell death in the 277 system (black broken line). b) Cumulative daily production by OPCs in the cortex (pink circles ± SD), 278 exceeds the change in total oligodendroglial number determined by stereology (bold pink circles ± 279 SD) and cell death (black broken line). c) Spatiotemporal distinctions in the density of pyknotic nuclei 280 between the corpus callosum and cortex. d) Total pyknotic nuclei counts were used in conjunction 281 with published data on the average time it takes for a dead cell to be cleared from the CNS (140 282 min) 19 to calculate total daily cell death per mm 3 (see methods). This was compared to the values for 283 daily excess cell production identified in A and B (these values are represented by the solid black 284 bars). The calculated total daily death, using pyknotic nuclei counts and estimated clearance times 285 for dying cells in the cortex, exceeded the level of daily excess OPC production identified for that 286 equivalent day. Statistics, at each timepoint minimum n=3, 2-way ANOVA analysis with multiple 287 comparisons significance: *, **, ***, **** = P<0. Figure 1) . This enables one to measure the rate at which a population of dividing 395 cells becomes saturated with the S-phase tracer, along with the absolute fraction of cells that 396 becomes saturated within the population (Supplementary Figure 1C) . Using this data, it is possible 397 to determine key cell cycle parameters 3 . However, one caveat to using thymidine analogues is that 398 once incorporated into the DNA of a cell, the cell is permanently labelled. Therefore, specific criteria 399 are required in order to exclude any labelled cell that becomes quiescent or moves into G0 over the 400 labelling period and the method was purpose-designed for use in tissues in which proliferating cells 401 are anatomically separated from cells that exit the cell cycle or move into G0 3 . For example, in the 402 dentate gyrus of the hippocampus, it is assumed that any daughter cell that exits the cell cycle and 403 moves into G0 will leave the anatomically-defined proliferative area, the sub granular zone (SGZ), by 404 migrating away into the granule cell layer (GCL) 3 (Supplementary Figure 1B) . The labelled cells that 405 migrate out of the proliferative zone are purposefully not included in the counts that generate the 406 cumulative plots (Supplementary Figure 1B) . Formally, the experimental design for single thymidine-407 analogue S-phase cumulative labelling requires that the following assumptions are satisified 3 : 408 1) the cell population is growing at a steady-state, i.e., one-half of the daughter cells leave the 409 proliferative population and one-half remain in the proliferative population; 410
Methods
2) no cells within anatomically-defined proliferative zones can exit and re-enter the cell cycle 411
(move into and out of G0); and 412
3) cells within the population divide asynchronously. 413
414
OPCs do not satisfy these assumptions. For parenchymal glia, there is no anatomical 415 separation between labelled daughter OPCs that exit the cell cycle and move into G0 compared to 416 cells that remain in cell cycle (Supplementary Figure 1D & E) . Therefore, it is impossible to segregate 417 a labelled OPC that becomes quiescent and moves into G0, from cells that are actively dividing when 418 using a single S-phase tracer alone. This means that the cumulative labelling method cannot 419 accurately report on the true Growth Fraction within the population. Instead, the population GF will 420 be overestimated in these circumstances (Supplementary Figure 1 E-F The S-phase length (Ts) -is the time a cell spends in the S-phase of the cell cycle. This is determined 436 using the double s-phase injection protocol 10, 22 . Mice were injected intraperitoneally, initially with 437 BrdU (Roche Diagnostics) at 100 µg.g -1 body weight and 2 h later with EdU (Invitrogen) at 50 µg.g Figure 2) . The 455 double S-phsae labelling protocol requires that a measurable number of cells pass through S-phase 456 over the injection interval 22 . Unfortunately, in the cortex at P90 and P365, too few cells passed 457 though S-phase over the injection interval to reliably report on the S-phase length, so cortical 458 assessments were performed until P60. We were able to obtain S-phase lengths for animals at P365 459 only in the corpus callosum. However, it must be noted that we observed very few G0 to G1 have some significant lag in the onset of Ki67 expression, this must lead to a decrease in the 482 GF/LI0 fraction as OPCs become less proliferative with age. We found no significant change in the 483 GF/LI0 fraction across age, location or in response to cuprizone (Supplementary Figure 2D) . Our data 484 does not support a hypothesis that an extended lag in the onset of Ki67 occurs during G1 phase of 485 the cell cycle of OPCs in vivo. High resolution images were assessed in all cases for determining the 486 GF. PDGFR⍺+ pericytes were always excluded from counts, this was done based on their morphology 487 and proximity to parenchymal blood vessels 27 (Supplementary Figure 3B) .
489
The cell cycle length (Tc) -is the time taken for a cell to complete cell division, or the time taken to 490 pass through G1, S, G2 and M. This can be determined using the formula 3 : 491 492
One benefit of our approach is that all of the cell cycle parameters Ts, LI0, GF and Tc can be 495 determined for individual animals, rather than relying on pooled data. This is not possible using single 496 S-phase cumulative labelling, where pooled averages from multiple animals are required to 497 determine each single parameter at a given age. 498 499
Immunohistochemistry: 500
We devised a sampling strategy to obtain cell cycle data and stereological counts from the same 501 individual, with sections processed in one of 4 ways: 502 1) Sections were processed for PDGFRα immunofluorescence ( Figure 6) ; or 513 4) Sections were processed for IBA-1 immunoreactivity ( were acquired using the same process. The tile scans captured for each section were taken in a single 536 z-plane at a minimum at a depth of 3 micron from the surface. Only compact myelin reflects light to 537 produce a positive signal. Positive pixels were identified on a minimum threshold cut-off using the 538 threshold function in Fiji. Measurements of the resulting area were divided by the total area of the 539 ROI 28, 29 . A minimum of n=3 was captured for each age. 540 541
Design-based Stereology: 542
The anatomical structures of the cingulate bundles laterally, and the rostral and caudal midline 543 unions of the corpus callosum were used to define the anatomical boundaries of the cortical and 544 callosal tissue sampled (Supplementary Figure 6) . To ensure systematic random sampling, brains 545 were serially sectioned (25µm thick). This approach meant any developmental changes in the tissue 546 volumes bound by these anatomical landmarks could be determined (Supplementary figure 6) . All 547 nucleated cells in the corpus callosum and cortex were counted using the optical fractionator method 548 with Stereo Investigator version 11.01.02; (MBF Bioscience). The total section thickness was 549 measured at every single counting site to maximise the accuracy in volume estimates. To identify the 550 total number of all oligodendroglia, OPCs, oligodendrocytes and non-oligodendrocytes in each 551 animal, sections were also processed for multi-label immunofluorescence (Supplementary Figure 6) . 552
The grid frame and counting window sampling protocol used ensured a Gundersen M0 Coefficient of 553 Error (M0 CE) of <0.05, significantly less than the commonly accepted M0 CE variance value of 0.1. 554
Total cell numbers for the corpus callosum and cortex (Supplementary Figure 7 and Supplementary 555 8 respectively). Total cell density per mm 3 for the corpus callosum and cortex (Supplementary Figure  556 11) 557 558
Calculating daily OPC production: 559 Daily production was calculated by identifying the total numbers of dividing OPCs. This was achieved 560 by multiplying the total number of OPCs identified though stereology (Supplementary Figure 7-8) , 561 by the Growth Fraction identified by Ki67 immunoreactivity ( Figure 1C) . It was then possible to 562 calculate daily cell production in the following way: 563 564
The stereological approach included measuring the total tissue volume (Supplementary Figure 6) . It 567 was therefore possible to convert total daily production to a volumetric density: 568 569
For the corpus callosum, we determined cell cycle parameters and stereological data at the 572 following data points: P5, P7, P15, P60 and P90 and P365. To determine the number of OPCs, linear 573 interpolation between the measured mean values of the GF and Tc was used, enabling us to model 574 how production changed between the measured data points. 575 576
Calculating the % expansion rate for total mature oligodendroglia in the corpus callosum: 577
To estimate the % expansion rate for mature oligodendroglia in the murine corpus callosum that 578 occurs after P90, we make the following assumptions: 579 1) That beyond P365 there is no significant increase in total mature callosal oligodendroglia; & 580
2) The average murine lifespan is 900 days 581 582
To determine the % rate of expansion we performed a simple calculation: 583 584 Non-linear regression analysis: 595
We plotted cortical and callosal OPC volumetric density against daily production ( Figure 1E ). This did 596 not follow a linear relationship, but we found that the data fitted the Gompertz non-linear regression 597 model: 598
(xy × z) { 599 600 where is the OPC density per mm 3 and is the daily production per mm 3 . Two of the three 601 parameters R , t and have simple interpretations: t is the extrapolated production rate at 602 mathematically infinite OPC density and serves as an estimate of the production rate at the highest 603 achievable OPC density, while (its units being the inverse of those of ) controls the rate of 604 variation of production with OPC density. The parameter R can be interpreted mathematically, but 605 only with some diffidence, as the production rate extrapolated to zero OPC density. (Supplementary Figure 9 B ). 613 614
To identify if OPC volumetric density was correlated with their probability for division we plotted OPC 615 density against OPC GF (Supplementary Figure 9 C) . We fit the data using the Padé (1,1) non-linear 616 regression model in GraphPad Prism 8: 617
619
A comparison of fits with the null hypothesis that one curve fits all data points was not possible to 620 reject P = 0.3715. This data indicates that irrespective of age or location, OPCs GF was positively 621 correlated to their volumetric density under normal homeostatic conditions in vivo (Supplementary 622 Figure 9C ).
624
Modelling cumulative production and death: 625 Cumulative production was identified by cumulatively adding daily production values to the initial 626 number of total OLs (All Olig2+ cells) determined by stereology at P5. Cumulative production 627 exceeded the increase in total OL number determined by stereology in both the corpus callosum and 628 cortex (Figure 3 A-B) . The differences between the cumulative curve, and the measured number of 629
OPCs in the tissue represents the excess cell production (Figure 3 A-B) . The only way that we could 630 account for the excess OPC production was to assign this as the cell death in the system. This is based 631 on the following assumptions: 632 1) PDGFRα+ Olig2 + OPCs only produce cells that contribute to the oligodendrocyte lineage 8 ; 633
2) Within the large anatomically-defined volumes of cortex and corpus callosum assessed, net 634 OPC migration = 0. OPCs are highly mobile and although some can move a considerable 635 distance (up to 100µm in 2 weeks), there is no directional bias to this movement 13 . Since the 636 net displacement of any cell is typically no more than 50µm with no direction bias and OPCs, 637 maintain an evenly-spaced grid-like pattern despite developmental changes in their overall 638 density and we assume that any OPCs that migrate into the ROI volume will be offset by an 639 equal number of OPCs that migrate out 13 . 640
3) The total number of Olig2+ cells within the cortex and corpus callosum cannot be increased 641
by To estimate the levels of cell death in the corpus callosum and cortex, we adopted a published 654 protocol to identify pyknotic nuclei using Hoechst 33342 labelling 31 . For every age assessed, n = 3-4 655
and analysis was performed on high-resolution confocal images (Supplementary Figure 11) . After 656 P60, pyknotic nuclei were rare and it was not feasible to quantify these cells. In addition, the pyknotic 657 nuclei counts were performed on individuals that were also subject to stereological analysis. This 658 made it possible to identify the volumetric density of pyknotic nuclei at each age assessed ( Figure  659 3C). To estimate total cell death in 24 hours per mm 3 ( Figure 3D ), we used published data that cells 660 in an irreversible stage of cell death remain in the tissue for ~140 minutes prior to phagocytic 661 clearance in the CNS 19, 32, 33 . Assuming that cells dye at random (i.e they are not all symmetrically 662 dying at a single instance) it was possible to use our pyknotic nuclei density counts plus a cellular 663 clearance time of 140 minutes 19 to estimate daily cell death within a mm 3 of either callosal or cortical 664 parenchyma. To do this we used the following: 665 666
where 669
• number of minutes in a day = 60 min x 24 = 1440; 670
• average clearance time = 140 min. 671 672
Despite performing multilabel immunofluorescence (Supplementary Figure 11) , it was not possible 673 to assign a fraction of pyknotic nuclei specifically to the OL lineage. Therefore, the cell death values 674 represent total cell death that occurs via pyknosis. Death in the OL lineage will account for some 675 proportion of this total death. The % of pyknotic nuclei we identified was consistent with a previous 676 assessment performed in the Optic nerve (Supplementary Figure 11) , as well as with identified 677 densities of activated caspase 3 cells in the cortex at similar ages 34, 35 . Assessing pyknosis is unlikely 678 to capture 100% of all cell death. Cells may die by other means (eg. phagoptosis) and this would not 679 be captured in our counts. It is likely that total cell death in vivo may exceed our estimates 680 determined by counting pyknotic nuclei and modelling clearance times. Nevertheless, our data 681
indicates that cell death within the OL lineage must account for a considerable proportion of the 682 overall homeostatic levels of ongoing cell death that occurs in both cortical and callosal tissues in 683 vivo. 684
Sensitivity analysis: 685
Our data revealed that OPCs have an average Tc of 35 h ( Figure 1A) . To provide additional validation, 686
we modelled cumulative production in the corpus callosum as described previously except using a 687 fixed OPC Tc of 35 hours. (Supplementary Figure 13) . This generated a cumulative plot that was very 688 similar to what is generated when we use measured values of Tc. We next asked the question; how 689 sensitive is the system to a systematic over-or under-estimation of Tc or GF? To address this we 690 systematically over-or underestimated Tc or GF and generated cumulative plots (Supplementary 691 Figure 13) . A systematic error in measuring either Tc or GF would lead to dramatic alterations in total 692
cumulative production and such changes would be inconsistent with the levels of cell death we 693 observed (Figure 3 and Supplementary Figure 11) . Additionally, this analysis showed that the system 694 is most sensitive to systematic changes in Tc: altering Tc by just one standard deviation of the 695 measured value at each age had a profound impact on total cell production. 696 697
Statistical software: 698
All statistical tests performed are described in the relevant figure legends. We used GraphPad Prism 699 version 8 for MacOS, GraphPad Software, San Diego, California USA, and where necessary, we 700 validated non-linear regression modelling using Mathematica Version 11 (Wolfram Research). P5  P7  P15  P60  P90  P365  P5  P7  P15  P60  P90  P365  P5  P7  P15  P60  P90  P365  P5  P7  P15  P60  P90 P5  P7  P15  P60  P5  P7  P15  P60  P5  P7  P15  P60  P5  P7  P15 The cingulate bundles provided the anatomical landmark to limit the lateral margins of each trace, 801 and the rostro-caudal margins were the midline unions of the corpus callosum: rostral, this was the 802 most rostral aspect of the genu, and caudal, this was the most caudal aspect of the splenium. their production rate (also see Figure 1D ). A comparison of fits with the null hypothesis that one 863 curve fits all data points was not possible to reject P = 0. We plotted this GF value which fell very close to what was predicted by our cortical relationship. In 880 addition to this, we plotted data derived from animals fed 3 weeks of cuprizone. The relationship 881 between OPC production and density was strikingly distinct after injury. For each data point n= 3-5 882 and error bars = SD in all cases. 883 884 To provide additional validation that OPCs Tc is stable over the long term, we modelled cumulative 932 production in the corpus callosum using a fixed OPC Tc of 35 hours. This produced a similar curve 933 (broken green line) to what was generated when the measured cell cycle values were used (solid 934 black line). To illustrate how total cumulative production changes if GF, or Tc, values were 935 systematically over or underestimated, we again modelled cumulative production with systematic 936 alterations to only the GF or the Tc by: 1) a value equal to ± the standard deviation of the measured 937 average value at each time point, or 2): ± 50% of the average measured value at each time point. 938
Overlaid on the graph is the change in total OL number as determined by stereology (black circles). n 939 = 3-4 for each measured data point and the error bars = ± SD. 940   0  25  50  75  100  125  150  175  200  225  250  275  300  325  350 
